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Abstract Grain yield of Sorghum bicolor (L.) Moench
is significantly influenced by genetically controlled vari-
ation in the number of tillers, plant height, time of anthe-
sis, and various other morphological and physiological
characters. In this study, a minimum of 27 unique QTLs
that control variation in nine morphological traits, in-
cluding the presence versus the absence and the height of
basal tillers, were mapped, and the percentage of addi-
tive genetic variance explained by the QTLs was deter-
mined in a population of 137 recombinant inbred lines in
two environments. Four QTLs explained from 86.3% to
48.9% (depending upon the environment) of the additive
genetic variance in the number of basal tillers with
heads, and seven QTLs explained from 85.9% to 47.9%
of the additive genetic variance in panicle width. It is un-
likely that different alleles were segregating in the 
mapping population at any of the major dwarfing loci,
but five QTLs that explained from 65.8% to 52.0% of
the additive genetic variance in main-culm height were
mapped. QTLs controlling variation in height of the 
tallest basal tiller, number of basal tillers per basal-tille-
red plant, panicle length, leaf angle, maturity, and awn
length also were mapped. Three or more QTLs were
mapped in linkage groups A, E, G, and I, while none
were mapped in linkage groups B and D. Several of the
QTLs mapped in this study are likely candidates for
marker-assisted selection in breeding programs.

Keywords Sorghum bicolor · QTLs · Recombinant 
inbred lines · Genetic mapping

Introduction

Sorghum is one of the world’s most important crop
plants, ranking fifth in acreage among the cereals 
(Doggett 1988). It is used for forage, as a source of sugar
and syrup, as feed for livestock, and to make numerous
food products. Grown principally in the semi-arid re-
gions of the tropics and subtropics, it has numerous char-
acteristics, including drought tolerance and resistance to
various diseases and pests, that adapt it to the harsh envi-
ronments of these regions. Sorghum bicolor ssp. bicolor
(2n=2x=20) is the most important taxon agronomically
in that it includes the cultivated grain races, but wild rac-
es in other S. bicolor subspecies that grow in proximity
to the cultivated races in Africa and are usually inter-
fertile with them also possess a significant amount of ge-
netic diversity in traits of agronomic importance.

It is well-known that genetically controlled variation
in height, maturity (time of anthesis), number of tillers,
panicle length, and other morphological and physiologi-
cal characters influence grain yield, the most important
agronomic trait of sorghum. Classical genetic studies
have contributed information regarding the manner of
genetic control of some of these characters. For example,
variation in maturity is known to be controlled principal-
ly by six genes (Quinby and Karper 1945; Quinby 1966;
Rooney and Aydin 1999) and dwarfism is principally
controlled by four genes (Quinby and Karper 1954; 
Hadley 1957). The recent construction of molecular
marker maps of sorghum has made it possible to map
these and other genetic loci that control variation in
quantitative traits. Among the traits for which control-
ling regions of the sorghum genome have been identified
using molecular markers are plant height (Lin et al.
1995; Pereira and Lee 1995; Rami et al. 1998; Klein et
al. 2001), maturity (Lin et al. 1995; Crasta et al. 1999),
number of tillers (Paterson et al. 1995a), seed weight
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(Pereira et al. 1995), panicle characteristics (Pereira 
et al. 1995; Rami et al. 1998), ‘stay green’ (Tuinstra et
al. 1996, 1997; Xu et al. 2000; Tao et al. 2000), and dis-
ease resistance (Klein et al. 2001). Many of the genes
with major effect that control plant height and maturity
are unmapped as yet, however, as are the genes that con-
trol many other quantitative characters that are of agro-
nomic importance.

The objectives of the research reported in this paper
were to genetically map quantitative trait loci (QTLs)
that control variation in the number and height of basal
tillers and several other morphological characters and to
quantify the amount of variation controlled by the
mapped QTLs. Mapping was performed in a recombi-
nant inbred population derived from S. bicolor accession
BTx623, which lacks basal tillers, and IS3620C, which
produces them. A linkage map composed of 470 restric-
tion fragment length polymorphisms (RFLPs) and simple
sequence repeats (SSRs) is available for the population
(Peng et al. 1999; Kong et al. 2000; Bhattramakki et al.
2000), and a physical map of sorghum is being con-
structed with a bacteria artificial chromosome (BAC) li-
brary constructed from BTx623 (Klein et al. 2000). Re-
ported here are the map locations and quantitative effects
of genetic loci that control basal-tiller number and
height, main-culm height, panicle length and width, leaf
angle, awn length, and maturity. Also reported are the
map locations of genes that control the presence versus
the absence of awns and dry versus juicy midribs.

Materials and methods

Plant materials

Mapping was performed in a population of 137 F6–8 recombinant
inbred lines (RILs) developed by Dr. K. F. Schertz from a cross of
BTx623×IS3620C (Peng et al. 1999). BTx623 is an agronomically
important inbred line that was derived from a cross between
BTx3197, a kafir line, and SC170–6, a zera zera line. IS3620 C is
a guinea line. It was originally collected in Gamjin, Nigeria, where
it was known as ‘KO37 Canjin.’ The donor parent used for con-
version of IS3620C to a short-day photoperiod was BTx406.

Design of field trials and phenotypes analyzed

The RILs and parental lines were evaluated in field trials at Col-
lege Station (CS) and Lubbock (LBK), Texas, in 1994, with the
RILs distributed in a randomized complete block design with two
replications (plots) at each location and with six replications of
each parent at each location. Each plot consisted of a row 5.5 m in
length, with a spacing of 0.076 m between plants and 0.76 m be-
tween rows at CS and 0.97 m between rows at LBK. The quantita-
tive traits analyzed were: height of the main culm (CUH, in centi-
meters, average of 10 plants/plot), height of the tallest basal 
tiller on basal-tillered plants (TIH, in centimeters, average of up 
to 10 plants/plot), number of basal tillers with heads (TINA; 
10 plants/plot), number of basal tillers/basal-tillered plant (TINB;
up to 10 plants/plot), angle of the third leaf-blade-junction relative
to the main culm (LEA; 1–5, 1=parallel, 2=approximately 22.5°
angle, 3=approximately 45° angle, 4=approximately 67.5° angle
and 5=90° angle, 1 rating/CS plot and 1 rating/plot of 1 LBK rep-
lication), panicle width (PAW; in centimeters, 3 plants/plot), pan-
icle length (PAL; in centimeters, 3 plants/plot), maturity (MA;
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number of days from planting until 50% of plants flower, 1 rat-
ing/plot), and length of awns of awned plants (AWL; in millime-
ters, 1 rating/CS plot). Means over replications were used in data
analyses of these traits. Two qualitative traits, presence versus 
absence of awns (1 rating/CS plot) and dry versus juicy midribs 
(1 rating/CS plot), also were analyzed.

Linkage map

QTLs and gene loci were placed on a linkage map composed of 
a subset of the 323 RFLPs and 147 SSRs mapped in the
BTx623×IS3620C RI population by Peng et al. (1999), Kong et al.
(2000), and Bhattramakki et al. (2000). Criteria for the map, which
was constructed using the computer program MAPMAKER Macintosh
v2.0, included spacing of markers at intervals of 5–15 cM to the 
maximum extent possible, a minimum LOD score ≥3.0 for terminal
triplets, and a minimum LOD score ≥5.0 for non-terminal triplets. 
Recombination frequencies were converted to centiMorgans using 
the Kosambi function (Kosambi 1944). The map consisted of 145
markers spaced at an average interval of 9.5 cM (Table 1, Fig. 1).

Data analyses

Trait means and standard deviations were calculated using Micro-
soft Excel (Microsoft, Tacoma, Wash.). QTL analyses were 
performed with the marker-regression method of Kearsey and
Hyne (1994), using software obtained from the web site –
http://web.bham.ac.uk/G.G.Seaton/. ANOVAs were performed to
test for the presence of one or more QTLs, and 1,000 simulations
were conducted to disclose the probabilities associated with 
ANOVA F-values and confidence intervals for the estimated QTL
positions. With this method, deviations from normality in the dis-
tribution of traits do not disturb QTL detection. Also, because the
F tests are assessed by simulation, the normal significance levels
of 5%, 1%, and 0.1% are applicable. The percentage of additive
genetic variance explained by each QTL was estimated as

% VA explained = a2×100/2VA,

where a is the additive effect of the QTL. Exceptions were QTLs
controlling the same trait that were located in the same linkage
group (LG). For these, a combined ‘% VA explained’ was estima-
ted, with

where x and y are the QTLs, δ=−1 with linkage in repulsion and +1
with linkage in coupling, and R is the recombination frequency 
(Kearsey and Pooni 1996). The QTL data also were analyzed with
the computer program QTL CARTOGRAPHER (Basten et al. 1994,
1997). Similar findings were obtained, but they are not reported here.

Table 1 Characteristics of the molecular marker map that was
used for QTL and gene mapping

Linkage Length Number Average distance
group (cM) of markers between markers (cM)

A 163.5 19 9.1
B 167.6 18 9.9
C 154.9 19 8.3
D 138.5 13 11.5
E 133.7 14 10.3
F 127.1 15 9.1
G 119.4 14 9.2
H 112.3 14 8.6
I 83.0 11 8.3
J 78.8 8 11.3
Total 1278.8 145 9.5

a a
a a

a a2 2
2 2

1 2= = + + −xy
x y

xy xy x y2 2 Rδ ( )
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MAPMAKER Mcintosh v2.0 was used to assign map positions to
genes controlling the presence versus absence of awns and dry
versus juicy midribs.

Genetic nomenclature

The designations Awn and D were assigned to genes controlling
the presence versus absence of awns and dry versus juicy midribs,
respectively. QTLs were designated with italicized symbols con-
sisting of a Q, a trait designator (composed of a capital Roman let-
ter and one or more lower case letters), a period, txs as a laborato-
ry designator, a hyphen, the symbol for the LG in which the QTL
is located, and, in instances where two loci controlling a trait were
detected in the same LG, an Arabic numeral. For example,
QCuh.txs-A1 designates one of the main-culm-height QTLs that
was mapped in LG A.

Linkage group designations

The designations assigned to sorghum LGs by Peng et al. (1999)
are used in this paper. When reference is made to a sorghum LG
developed by other investigators, the designation assigned to it by
the other investigators, if different (see Table 1 of Peng et al.
1999), is also listed in parentheses.

Results and discussion

The trait means of the parents and RILs indicated sub-
stantial differences between BTx623 and IS3620 C for
most of the traits analyzed (Table 2). A high degree of
genotype-environment interaction was expressed for
main-culm height and maturity, however, with BTx623
being much taller and maturing slightly later than
IS3620 C at College Station (CS) and marginally shorter
and maturing slightly earlier than IS3620C at Lubbock
(LBK). Panicle length varied significantly between the
parents at CS but not at LBK.

ANOVAs revealed differences among the RILs at the
0.001 level of significance in both environments for the
traits analyzed with only one exception, namely, the
number of basal tillers per basal-tillered plant in the
LBK environment, where P=0.005 (Table 3). Significant
differences among replications were detected in five in-
stances, namely, for main-culm height, number of basal
tillers with heads, and maturity in the CS environment,
and for panicle width and maturity in the LBK environ-
ment.

Height of main-culms and tallest basal tillers

Evidence for three main-culm-height (CUH) QTLs locat-
ed in LGs A, E, and G was obtained in both environ-
ments, and the 95% confidence interval for one of the

Table 2 Trait means (x̄) and standard deviations (SD) of BTx623, IS3620C, and the recombinant inbred lines (RILs), and trait ranges
and coefficients of variation (cv) of the RILs

Traitsa BT×623 IS3620C Recombinant inbred lines

College Lubbock College Lubbock College Station Lubbock
Station Station

X̄ SD X̄ SD X̄ SD X̄ SD X̄ SD Range cv (%) X̄ SD Range cv (%)

CUH 140±4.6 119±4.7 99±4.7 134±10 140±40 77–239 29 134±41 67–220 31
TIH –b – 127±14 144±14 137±40 62–219 29 143±41 71–223 29
TINA – – 1.4±0.4 1.5±0.5 0.4±0.4 0–1.6 10 0.7±0.5 0–2.3 71
TINB – – 1.4±0.4 1.5±0.5 1.3±0.4 1–2.2 31 1.5±0.4 1–2.8 27
PAL 34±3.4 32±2.1 28±2.5 30±4.0 36±5.2 21–51 14 30±4.7 21–47 16
PAW 7.2±1.2 7.5±0.9 13.2±3.2 12.4±2.8 14.3±5.2 5.9–29 36 13.7±4.2 6.7–23 31
LEA 2.8±0.4 3.0±0.0 4.0±0.0 3.7±0.6 3.4±0.7 2–5 21 3.5±0.9 1–5 26
MA 66±3.0 59±3.6 61±1.5 69±4.7 68±6.3 55–90 09 64±9.3 46–85 15
AWL –c dnrd 10±0.0 dnr 7.3±3.2 1–13.5 44 dnr

a CUH, main-culm height; TIH, tallest basal-tiller height; TINA
number of basal tillers with heads per plant; TINB, number of bas-
al tillers per basal-tillered plant; PAL, panicle length; PAW, panic-
le width; LEA, leaf angle; MA, maturity; AWL, awn length

b Basil tillers not produced
c Awnless
d dnr, Data not recorded

Fig. 1 Molecular marker map of Sorghum bicolor showing the 
locations of QTLs and genes that were mapped in the
BTx623×IS3620C recombinant inbred population. CentiMorgan
distances between markers and the locations of mapped genes are
shown to the right of the linkage groups (LGs). Locations of
QTLs are indicated by bars to the left of the LGs. C and L desig-
nate the College Station and Lubbock trials, respectively. The
most likely location of each QTL is indicated by the horizontal
line attached to the left side of each bar. The lengths of the 
bars delineate 95% confidence intervals for the QTL locations, ex-
cept for QTLs controlling the same trait that are located in the
same LG. 95% confidence intervals for these QTLs, which are de-
lineated by bars that have vertical dashed lines above and below
them, could not be determined with the marker regression soft-
ware program that was utilized. Asterisks indicate levels of signifi-
cance associated with QTLs, with single (*), double (**), and tri-
ple asterisks (***) indicating the 0.05, 0.01, and 0.001 levels, re-
spectively (see Table 3). An upward-pointing arrow below a bar
indicates that the BTx623 allele conditions a larger value for the
parameter analyzed than the IS3620C allele, and a downward-
pointing arrow, that it conditions a smaller value. A 170-cM-long
scale is located at the left side of the figure, and 10-cM-long inter-
vals are indicated by horizontal lines attached to the left sides of
the LGs

▲
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Table 3 Results of ANOVAs
of the data obtained for the
nine quantitative traits that
were analyzed together with 
estimates of genetical and envi-
ronmental components

Source College Station Lubbock

df MS P ems df MS P ems

Main-culm height
RILs 136 3,368.3 <0.001 σ2+2σ2b 136 2,538.0 <0.001 σ2+2σ2b
Reps 1 469.3 0.002 σ2+137σ2b 1 1,395.0 0.176 σ2+137σ2b
Error 136 46.6 σ2 136 756.0 σ2

Estimates
VA (=1/2σ2b) 830.4 445.5
VE (=σ2) 46.6 756.0

Tallest basal-tiller height
RILs 81 2,755.0 <0.001 σ2+2σ2b 112 2,735.0 <0.001 σ2+2σ2b
Reps 1 720.0 0.222 σ2+82σ2b 1 1,514.0 0.131 σ2+113σ2b
Error 81 476.0 σ2 112 654.0 σ2

Estimates
VA (=1/2σ2b) 569.8 520.3
VE (=σ2) 476.0 654.0

Number of basal tillers with heads per plant
RILs 136 0.191 <0.001 σ2+2σ2b 136 0.398 <0.001 σ2+2σ2b
Reps 1 0.900 0.004 σ2+137σ2b 1 0.008 0.815 σ2+137σ2b
Error 136 0.102 σ2 136 0.149 σ2

Estimates
VA (=1/2σ2b) 0.022 0.062
VE (=σ2) 0.102 0.149

Number of basal tillers per basal-tillered plant
RILs 93 0.186 0.001 σ2+2σ2b 114 0.231 0.005 σ2+2σ2b
Reps 1 0.048 0.478 σ2+94σ2b 1 0.141 0.319 σ2+115σ2b
Error 93 0.095 σ2 114 0.141 σ2

Estimates
VA (=1/2σ2b) 0.023 0.023
VE (=σ2) 0.095 0.141

Panicle length
RILs 136 50.0 <0.001 σ2+2σ2b 136 31.1 <0.001 σ2+2σ2b
Reps 1 1.0 0.641 σ2+137σ2b 1 38.5 0.079 σ2+137σ2b
Error 136 4.4 σ2 136 12.3 σ2

Estimates
VA (=1/2σ2b) 11.4 4.7
VE (=σ2) 4.4 12.3

Panicle width
RILs 136 48.2 <0.001 σ2+2σ2b 136 24.0 <0.001 σ2+2σ2b
Reps 1 4.1 0.393 σ2+137σ2b 1 50.8 0.033 σ2+137σ2b
Error 136 5.6 σ2 136 10.9 σ2

Estimates
VA (=1/2σ2b) 10.6 3.3
VE (=σ2) 5.6 10.9

Leaf angle
RILs 136 0.764 <0.001 σ2+2σ2b (Leaf-angle data were collected from only
Reps 1 0.131 0.441 σ2+137σ2b one of the two Lubbock replications
Error 136 0.220 σ2

Estimates
VA (=1/2σ2b) 0.136
VE (=σ2) 0.220

Maturity
RILs 136 73.4 <0.001 σ2+2σ2b 136 134.3 <0.001 σ2+2σ2b
Reps 1 39.5 0.007 σ2+137σ2b 1 176.6 0.033 σ2+137σ2b
Error 136 5.4 σ2 136 37.9 σ2

Estimates
VA (=1/2σ2b) 17.0 24.1
VE (=σ2) 5.4 37.9
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QTLs, XCuh.txs-E, was only 18.6 cM long in the CS en-
vironment and 13.1 cM long in the LBK environment.
The residual mean squares probability for LG A in the
CS environment, based on one QTL, was significant, and
a second QTL was mapped in the LG, resulting in a non-
significant residual. The regression and residual proba-
bilities, based on one QTL, also were significant for LG
C in the CS environment (P=0.023 and 0.043, respec-
tively; Table 4), but only one QTL was mapped in the
LG. Tallest-basal-tiller-height (TIH) QTLs were mapped
in LGs A and E in both environments (Table 5, Fig. 1).
Their locations are highly similar to those of QCuh.txs-
A2 and QCuh.txs-E, suggesting that they are the 
same QTLs. Evidence for a TIH QTL corresponding to
QCuh.txs-G was not obtained, however.

The CUH QTLs explained 52% and 65.8% of the ad-
ditive genetic variance (VA) at CS and LBK, respectively
(or, approximately 21 cm and 10 cm of the difference be-
tween the parental strains in main-culm height in the 
two environments, respectively), and the TIH QTLs ex-
plained 29.9% and 30.5% of the VA in the two environ-
ments, respectively (Table 5).

The dwarfing-loci genotype of BTx623 is dw1 Dw2
dw3 dw4, and that of IS3620C is unknown. The pheno-
type of IS3620C is suggestive of the dw1 Dw2 dw3 dw4
genotype, however, and thus it is unlikely that differing
alleles were segregating at any of these dwarfing loci in
the BTx623×IS3620C RI population. Lin et al. (1995)
mapped six plant-height QTLs, including Dw2 in LG I
(LG D of their map)(see also Ulanch 1999), Klein 

Source College Station Lubbock

df MS P ems df MS P ems

Table 3 (continued)

Awn length
RILs 78 11.1 <0.001 σ2+2σ2b (Length-of-awn data were not collected
Reps 1 2.3 0.393 σ2+137σ2b at Lubbock)
Error 78 3.1 σ2

Estimates
VA (=1/2σ2b) 4.0
VE (=σ2) 3.1

Table 4 Probabilities associat-
ed with ANOVA regression and
residual mean squares, based
on one QTL, for the linkage
groups for which significant
evidence for a QTL was detect-
ed in either trial

Trait Linkage College Station Lubbock
group

Regression Residual Regression Residual

Main-culm A 0.027 0.025 0.01 0.09
height C 0.023 0.043 0.19 0.051

E <0.001 0.70 0.01 0.41
G 0.008 0.52 0.02 0.20

Tallest basal- A 0.03 0.44 0.04 0.11
tiller height E 0.01 0.17 <0.001 0.28

Number of A <0.001 0.03 <0.001 0.051
basal tillers with H 0.04 0.86 0.08 0.92
heads per plant I <0.001 0.20 <0.001 0.24

Number of basal A <0.001 0.08 <0.001 0.14
tillers per basal- I <0.001 0.12 <0.001 0.64
tillered plant

Panicle E 0.012 0.07 0.17 0.01
length F 0.008 0.14 <0.001 0.30

H 0.02 0.40 0.12 0.47

Panicle A 0.002 0.18 0.01 0.03
width C 0.02 0.044 0.19 0.01

G 0.002 0.25 0.18 0.05
I 0.007 0.13 <0.001 0.18
J 0.001 0.40 0.19 0.34

Leaf angle A <0.001 0.30 0.46 0.31
E <0.001 0.20 <0.001 0.36
I 0.03 0.99 0.02 0.31

Maturity F <0.001 0.01 <0.001 0.03
G 0.028 0.94 0.05 0.38

Awn length I 0.03 0.09 dnra dnr
a dnr, Data not recorded
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Table 5 QTL map locations, additive effects, and percentage additive genetic variance (VA) explained

Trait/ Map location (cM) Additive effect (a) Percentage of VA explained
QTL

College Lubbock College Lubbock College Lubbock
Station Station Station

Main-culm height
QCuh.txs-A1 50 –a ↓ b (+15.3) – ↓ –
QCuh.txs-A2 90 116 13.5 (−17.6) −12.0 11.0 16.2
QCuh.txs-C 150 – +11.2c – 7.6 –
QCuh.txs-E 100 96 −20.1 −18.9 24.3 40.1
QCuh.txs-G 48 50 +12.3 +9.2 9.1 9.5

∑a2= 863.0 585.9
Exp ∑a2 (=2VA)= 1,660.8 891.0

% of total VA explained= 52.0 65.8 52.0 65.8

Tallest basal-tiller height
QTih.txs-A 116 108 −10.8 −10.6 10.2 10.8
QTih.txs-E 106 104 −15.0 −14.3 19.7 19.7

∑a2= 341.6 316.9
Exp ∑a2 (=2VA)= 1,139.6 1040.6

% of total VA explained= 29.9 30.5 29.9 30.5

Number of basal tillers with heads, per plant
QTina.txs-A1 54 50 ↓ (−0.13) −0.120 ↓ 11.7
QTina.txs-A2 136 – −0.148 (−0.08) – 48.7 –
QTina.txs-H 60 – −0.066 – 9.7 –
QTina.txs-I 58 62 −0.112 −0.215 27.9 37.2

∑a2= 0.039 0.061
Exp ∑a2 (2VA)= 0.045 0.124

% of total VA explained= 86.3 48.9 86.3 48.9

Number of basal-tillers per basal-tillered plant
QTinb.txs-A 64 70 −0.121 −0.125 31.8 34.0
QTinb.txs-I1 – 42 – −0.103 – 23.0
QTinb-txs-I2 64 – −0.134 – 39.0 –

∑a2= 0.033 0.026
Exp∑a 2 (=2VA)= 0.046 0.046

% of total VA explained= 70.8 57.0 70.8 57.0

Panicle length
QPal.txs-E 104 – +1.67 – 12.2 –
QPal.txs-F 100 104 +1.57 +1.39 10.8 20.6
QPal.txs-H 78 – +1.40 – 8.6 –

∑a2= 7.2
Exp ∑a2 (=2VA)= 22.8 9.4

% of total VA explained= +31.6 20.6 31.6 20.6

Panicle width
QPaw.txs.A1 28 12 −2.64 ↓ (−1.22) 32.9 ↓
QPaw.txs-A2 – 132 – 1.32 (−1.01) – 26.4
QPaw.txs-C 136 – −1.42 – 9.5 –
QPaw.txs.G 24 – −1.77 – 14.8 –
QPaw.txs-I1 – 34 – +1.19 – 21.5
QPaw.txs.I2 80 – +1.55 – 11.3 –
QPaw.txs.J 42 – +1.92 – 17.4 –

∑a2= 18.2 3.16
Exp ∑a2 (=2VA)= 21.2 6.6

% of total VA explained= 85.9 47.9 85.9 47.9

Leaf angle
QLea.txs-A 130 – −0.229 – 19.2 –
QLea.txs-E 92 96 −0.351 −0.471 45.3 28.4d

QLea.txs-I – 24 – +0.240 – 7.4d

∑a2= 0.176 0.279
Exp ∑a2(=2VA)= 0.272 0.781d

% of total VA explained= 64.5 35.8d 64.5 35.8d
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et al. (2000) mapped two plant-height QTLs, including
Dw3 in LG D, and Pereira et al. (1995) and Rami et al.
(1998) mapped four and three plant-height QTLs, re-
spectively. The similar map positions of the plant-height
QTLs mapped in LGs E (A) and G (H) by Pereira et al.
(1995) and in LG E by Klein et al. (2001) to those
mapped in these LGs in this study indicate that they may
be the same QTLs.

Number of basal tillers

Similar data were obtained for the number of basal tillers
with heads per plant (TINA) and the number of basal
tillers per basal-tillered plant (TINB). For both, strong
evidence was obtained for the presence of QTLs in LGs
A and I (P <0.001, Table 4). The 95% confidence inter-
vals for the LG I TINB QTLs detected at CS and LBK
do not overlap (Fig. 1), but the interval for QTina.txs-I,
as determined at both CS and LBK, is closely similar to
that of QTinb.txs-I2 (Table 5, Fig. 1). Likewise, the 95%
confidence intervals for QTina.txs-A1 and QTinb.txs-A
overlap (Table 5, Fig. 1). Two TINA QTLs were mapped
in LG A at CS and only one at LBK (the residual mean
squares probabilities, based on one QTL, were 0.03 and
0.051 at CS and LBK, respectively; see Table 4), but the
minimum residual mean squares value at LBK was at 
approximately 146 cM (data not shown), close to the
most likely location of the QTL detected at CS, namely,

136 cM (Fig. 1). Evidence for a LG H TINA QTL also
was obtained at College Station.

Two of the TINA QTLs, namely, QTina.txs-A1 and
QTina.txs-I, explained 65.5% of the VA at CS and 48.9%
of the VA at LBK (Table 5). Also, all of the mapped 
TINA QTLs combined explained 86.3% of the VA at CS
(1.2 basal tillers out of the 1.4 difference in the number
of basal tillers between the parental lines) and 48.9% of
it at LBK (0.7 tillers out of the 1.5 basal-tiller differ-
ence), while the mapped TINB QTLs explained 70.8%
of the VA at CS (1.0 out of the 1.4 basal-tiller-number
difference) and 57.0% of it at LBK (0.9 out of the 1.5
basal-tiller-number difference)(Table 5).

Paterson et al. (1995b) identified four genomic re-
gions that control the number of tillers in Sorghum hale-
pense (L.) Pers (johnsongrass, 2n=2x=40), a perennial
that is thought to be an interspecific hybrid derived 
from S. bicolor and S. propinquum (Kunth.) Hitchc.
(2n=2x=20). One of these, located in LG I (D), partially
overlaps the 95% confidence interval for QTinb.txs-I1
(Table 5 and Fig. 1), and thus may be orthologous with
it.

Panicle length and width

Three panicle-length (PAL) QTLs were detected (Tables
4 and 5, Fig. 1), but evidence was obtained in both envi-
ronments and with P values ≤0.01 only for QPal.txs-F.

Table 5 (continued)

Trait/ Map location (cM) Additive effect (a) Percentage of VA explained
QTL

College Lubbock College Lubbock College Lubbock
Station Station Station

Maturity
QMa.txs-F1 – 6 – ↓ (−4.54) – ↓
QMa.txs-F2 – 70 – 3.26 (+1.73) – 22.0
QMa.txs-G 108 116 −1.67 −2.31 8.2 11.1

∑a2= 2.79 15.96
Exp ∑a2 (=2VA)= 34.0 48.2

% of total VA explained= 8.2 33.1 8.2 33.1

Awn length
QAwl.txs-I 82 na −0.73 nae 6.7 na

∑a2= 0.53
Exp ∑a2 (=2VA)= 8.0

% of total VA explained= 6.7 na 6.7 na

a – Indicates that a QTL was not detected at the 5% level of signif-
icance
b The values below the arrowheads in the 4th through 7th columns
are the ‘combined additive effect’ and the ‘combined % additive
genetic variance explained’, respectively, of the QTL in the row
with the arrowhead and the QTL in the row below it (see Materials
and methods). The additive effects of the individual QTLs are
shown in parentheses
c A + indicates that the BTx623 allele conditions a larger value
than the IS3620C allele for the parameter analyzed and a ‘−’ that
it conditions a smaller value

d True leaf-angle ‘Exp Σa2’ estimates could not be calculated for
the Lubbock trial because leaf-angle data were collected from only
one of the two replications. To obtain ‘Exp Σa2’ and ‘% of total VA
explained’ values for comparison purposes, an ANOVA was per-
formed in which the values in the single dataset were assumed to
be the means of two data sets (results not shown)
e na, Not applicable



ment only (Tables 4 and 5, Fig. 1). [The regression prob-
ability for LG F, based on one QTL, was significant in
the CS environment (Table 4), but as there was a non-
significant marker means association in the LG, a MA
QTL was not mapped in the LG.]. The LG G QTL ex-
plained 8.2% of the VA at CS and 11.1% of it at LBK,
while the two LG F QTLs explained 22.0% of the VA at
LBK (Table 5).

Both BTx623 and IS3620C are known to be recessive
at the Ma1 locus, but their genotypes at the other major
maturity loci are unknown. Ma1 is located in LG I [Lin
et al. 1995 (D); Ulanch 1999], Ma3 in LG A (Childs et
al. 1997), and Ma4 in LG G, near Xtxs1163 in the upper
part of the LG (K.L. Childs and J.E. Mullet, personal
communication). Other loci controlling maturity were
mapped in LGs B and F (G) by Lin et al. (1995) and 
LGs B (G) and G (B) by Crasta et al. (1999). None of
these loci occupy map positions similar to those of the
maturity loci mapped in this study.

Awn length

A QTL controlling the length of the awns of awned
plants was detected with P=0.03 (Table 4) at the bottom
of LG I (Fig. 1). It controlled only 6.7% of the VA
(Table 5), indicating that the genetic control of awn
length of awned plants in the BTx623×IS3620C RIL
population is by numerous loci that individually have
small effects.

Mapping of Awn and D

A gene that controls the presence versus the absence of
awns, designated Awn, was mapped at a LOD score of 5.1
near the top of LG C, 7.7 cM from Xisu52, the terminal
marker (Fig. 1). The genetic control of awning is known
to vary as a function of the strains being analyzed (for re-
view, see Rooney 2000), and whether or not Awn is among
the genes controlling awning that were characterized by
Sieglinger et al. (1934) and Kullaiswamy and Goud
(1983) is unknown. Awn is probably the same as AW, how-
ever, a gene controlling the presence versus the absence of
awns that was mapped by Tao et al. (1998, 2000) in LG C
(A) at a position that, within the limits of resolution of
their more than 435-cM-long map of the LG, approxi-
mates that of Awn. D, a gene that controls dry versus juicy
midribs, was mapped at a LOD score of 5.2 near the mid-
dle of LG I, co-segregating with Xtxp97 [which is imme-
diately adjacent to Xumc34 (Bhattramakki et al. 2000)]
and 5.2 cM from Xtxs1030, confirming the location re-
ported for the gene by Xu et al. (1998).

Concluding remarks

Thirty-one named QTLs were mapped. QCuh.txs-A2
may be the same as QTih.txs-A, QCuh.txs-E may be the
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The other two QTLs, detected in the CS environment and
with P=0.012 and 0.02, were mapped in LGs E and H, re-
spectively. QPal.txs-F explained 20.6% of the VA in the
LBK environment, and the three QTLs detected at CS ex-
plained 31.6% of the VA in that environment (Table 5).
Pereira et al. (1995) and Rami et al. (1998) mapped pan-
icle-length QTLs in five and six LGs, respectively. On
the basis of the map positions of these QTLs, only one of
them is a candidate for being the same as a PAL QTL
mapped in this study, namely, the one mapped by Pereira
et al. (1995) in LG E (A) may be the same as QPal.txs-E.

Seven panicle-width (PAW) QTLs were mapped in
LGs A, C, G, I and J, (Tables 4 and 5, Fig. 1), six with
P≤ 0.01, but only one locus, QPaw.txs-A1, was mapped
in both environments, and the most probable map loca-
tion for the locus differed by 16 cM in the two environ-
ments. [The residual mean squares probability for LG C
in the CS environment, based on one QTL, was 0.044
(Table 4), but it was not possible to map a second PAW
QTL in the LG.] The five PAW QTLs mapped at CS ex-
plained 85.9% of the VA in that environment (Table 5), or
5.1 cm of the 6.0 cm difference in PAW between the pa-
rental lines (Table 2), and the three mapped at LBK ex-
plained 47.9% of the VA in that environment, or 2.3 cm
of the 4.9 cm difference between the parental lines.

Leaf angle

The ANOVA regression probability for leaf angle (LEA,
the angle of the third leaf-blade junction relative to 
the main culm), based on one QTL, was significant for
LG A at CS and for LGs E and I in both environments,
and the residual probability was not significant in either
environment for any LG (Table 4). A LEA QTL was not
mapped in LG I at CS, however, because there was a non-
significant marker-means association in the LG in the CS
environment. Thus, only QLea.txs-E was mapped in both
environments (Table 5, Fig. 1). It explained 45.3% of the
VA in the CS environment, or about 12° of the approxi-
mately 27° difference in LEA between BTx623 and
IS3620 C (Table 2), and the 95% confidence interval for
the QTL was only 18.7 cM long. The other LEA QTL de-
tected at CS, QLea.txs-A, explained an additional 19.2%
of the VA, or an additional 5° of the approximately 27°
difference in LEA between the parental lines.

Leaf-angle data were collected for only one of the two
Lubbock replications, thus true LEA Exp Σa2 and per-
centage of total VA explained values could not be calcu-
lated for the Lubbock trial. Calculated as described in
footnote d of Table 5, QLea.txs-E explained 28.4% of the
VA in the LBK environment, and the 95% confidence in-
terval for the QTL was only 14.4 cM long.

Maturity

Three maturity (MA) loci were mapped, one in LG G in
both environments and two in LG F in the LBK environ-
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same as QTih.txs-E, QTina.txs-A1 may be the same as
QTinb.txs-A, and QTina.txs-I may be the same as
QTinb.txs-I2, however based on their control of variation
in similar characters and their similar map locations.
Thus, a minimum of 27 unique QTLs were mapped.
Also, two of the aforementioned pairs of QTLs, namely,
QCuh.txs-E and QTih.txs-E and QTina.txs-I and
QTinb.txs-I2, and two other QTLs, QCuh.txs-G and
QPal.txs-E, occupy map locations similar to those of
QTLs controlling these characters that were mapped pre-
viously by others. Consequently, a minimum of 23 previ-
ously unreported QTLs were mapped in this study.

With the exception of three characters, [MA in the CS
environment, PAL at LBK, and AWL at CS (the only en-
vironment in which data was recorded for AWL)], the
mapped QTLs explained a minimum of 30% of the VA
for the characters in both environments. The range of 
% VA explained was from 86.3% for TINA (in the CS
environment) to only 6.7% for AWL.

QTLs that control the number of basal tillers were
among the most significant of the loci that were mapped.
BTx623, one of the parents of the mapping population,
lacks basal tillers; IS3620C, the other parent, produces
them, and two QTLs that explained 65.5% of the TINA
VA at CS and 48.9% of it at LBK were mapped in LGs A
and I with P<0.001 in both environments. Similar findings
were obtained for TINB, the other tiller-number parameter
that was analyzed. These and the other mapped QTLs that
displayed little genotype-environment interaction should
be readily amenable to marker-assisted selection.

Mapping QTLs that control variation in traits of agro-
nomic importance is a key part of the process of using
molecular markers in plant improvement and in elucidat-
ing the manner in which the loci control variation in the
traits. The results obtained in this study should facilitate
marker-assisted selection for sorghum improvement and
future studies of the functional genomics of the QTLs.
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